Introduction
We herein report a convenient synthesis of mixed-ring
The chemistry of di-pentamethylcyclopentadienyl complexes of the heavier Group 5 elements niobium and tantalum is receiving growing attention [ 11 after the dichlorides were made readily accessible in high yields [2] . Such derivatives offer advantages over their n5-C,H,, since they exhibit higher thermal stability. They provide excellent starting materials for the preparation of sufficiently stable complexes in different oxidation states. However, the chemistry of the mixed-ring analogues MCp * CpCl, [3] has been less extensively studied, and in some cases the complexes are not well characterized and their reactivity scarcely explored. dicyclopentadienyl complexes of stoichiometry MCp * -CpCl, (Cp* = q5-C,Me,; M = Nb, Cp = v5-C,H,(SiMe,) (Cp') 1; vS-C,H,(SiMe,), (Cp") 2; M = Ta, Cp = $C,H, (SiMe,) (Cp') 3; r,?-C,H, (SiMe,), (Cp") 41, together with studies of their reactivity. We also report the X-ray molecular structures of TaCp * Cp'Cl, 3, and TaCp * Cp"H, 12. (Cp = C,H,(SiMe,) (Cp'); C,H,(SiMe,), (Cp")) with I equivalent of sodium amalgam in toluene at room temperature affords the paramagnetic mixed-ring dicyclopentadienyl complexes MCp * CpCl, (M = Nb, Cp = Cp' 1; Cp" 2; M = Ta, Cp = Cp' 3; Cp" 4) as shown in Scheme 1.
Results and discussion

Dicyclopentadienyl niobium and tantalum(W) compounds
All the complexes are dark-green solids, soluble in aromatic hydrocarbons and less soluble in saturated hydrocarbons and ethyl ether; they are air-and moisture-sensitive, and rigorously dried solvents and handling under dry inert atmosphere were found to be imperative for successful preparations. The analytical and spectrocopic data for compounds l-4 are consistent with their formulation, and their monomeric nature is supported by their magnetic behaviour and confirmed by the X-ray molecular structure of the tantalum complex 3.
The IR spectra of complexes l-4 show the characteristic absorptions (see Experimental section) for the pentamethylcyclopentadienyl [7] (~c_c N 1025 cm-' ) and mono-or bis-(trimethylsilyl)cyclopentadienyl [8] ( vc _n N 838 cm-' ) rings, for the trimethylsilyl substituents [9] (v,,(CH,) = 1245 cm-') and for the M-Cl stretching vibrations [lo] (~~_c, N 330 cm-').
Magnetic susceptibility measurements at room temperature give magnetic moments pcL,rr of 1.7-1.8 pa, similar to those found for the analogous dicyclopentadienyl compounds reported [ 11 I. The 'H NMR spectra of compounds 3 and 4 were recorded in chloroform-d,, whereas benzene-d, was required for the niobium derivatives 1 and 2 since they decompose in chloroform-d,. The spectra show broad signals which were assigned to the methyl groups of the pentamethylcyclopentadienyl ring (not observed for compounds 1 and 2) and to the ring protons of the mono-and bis-trimethylsilylcyclopentadienyl ligands (split for compounds 1 and 2), according to their relative intensities and the relaxation times obtained (see Experimental section). The resonance due to the SiMe, substituents, appears as a much narrower signal at 6 2.3 (3, T, = 8.1 i. 0.04 ms) and 6 1.8 (4, T, = 8 f 0.05 ms). This spectral behaviour can be explained in terms of "contact and pseudo-contact shifts" [ 121, indicating that the unpaired electron is essentially localized on the metal-Cp system, causing a very high downfield shift as observed for the ring proton resonances. Cooling a toluene solution of the tantalum derivative 3 to -40°C gave crystals suitable for X-ray diffraction studies. An ORTEP drawing of 3 based on the X-ray structural analysis with the atomic labelling scheme is shown in Fig. 1 . Final atomic coordinates and equivalent isotropic thermal parameters for the non-hydrogen atoms are shown in Table 1 . Selected bond distances and angles are given in Table 2 .
The molecule has the typical bent-metallocene structure with the tantalum atom in a pseudotetrahedral coordination if the centroids of the cyclopentadienyl rings are considered as ocuppying one unique coordination site. The molecule is very similar to those reported before for Ta($-C,H,CH,),Cl, [13] and NbCp,Cl,,
, showing only small variations probably derived from the difference between the two Cp rings. The distances from th,e tantalum atom to the Cp planes are 2.105 and 2.075 A for Cp* and Cp' respectively, and the mean distance from tantalum to the carbon atoms shows the same trend (2.427 A for Cp * and 2.402 A for Cp'). The Ta-Cl distances are also significantly different (TaCl(l) 2.447(3) and Ta-Cl(2) 2.418(3) A>. These values are of the same order as those found in Ta(n'-C,H,CH,),Cl, [13] and shorter than the Cl-Nb distances in NbCp,Cl, [ 141. The very short Ta-Cl(2) distance may be related to the differences in the two Cp rings. The Cl( 1 )-Ta-Cl(2) angle has a value of 85.3(l)", as expected for d' complexes [ 141.
The angle between the two Cp planes has a typical value of 49.5(3)", but both Cp planes form different angles with the equatorial plane Cl( I)-Ta-Cl(2) (23.03(4Y for Cp* and 26.5(2)" for Cp'). The SiMe, group as out of the Cp plane with the Si atom placed 0.296 A above this plane. The C-C and Si-C distances have normal values.
Chloro and 0x0 dicyclopentadienyl compounds tantalum(V)
Treatment of TaCp * CpCl, 3 and 4 with the stoichiometric amount of PCl, in toluene gave the air-sensitive diamagnetic trichloro derivatives TaCp * CpCl, (Cp = Cp' 5; Cp" 6) as orange solids soluble in most organic solvents.
The mixed-ring tantalum metallocenes 3 and 4 are also oxidized by bubbling dry 0, through their THF solutions, giving diamagnetic ~-0x0 dinuclear complexes [TaCp* CpCl,],( p-01, (Cp = Cp' 7; Cp" 8). However, when their THF solutions are exposed to air, the mononuclear 0x0 tantalum(V) derivatives TaCp * -CpCl(O), (Cp = Cp' 9; Cp" 10) are obtained. The oxo- complexes 7-10, were isolated as air-sensitive solids, insoluble in saturated hydrocarbons, and were analytically and spectroscopically characterized. The IR spectra of complexes 7 and 8 containing ~-0x0 bridges show the ~~(r~-o-r~) [ 151 at 755-760 cm-', whereas ~~~~~~~ [14, 16] absorptions are observed at 901-910 cm-' for complexes 9 and 10 with terminal 0x0 lig- Table 1 Positional parameters of 3 with ESDs in parentheses (2) 4.99(7) 0.3823 (2) 2.87(5) 0.1699 (7) 2.8(2) 0.0938 (7) 2.8(2) 0.0250 (7) 2.9(2) 0.0592 (8) 3.42) 0.1457 (9) 3.5(2) 0.2500 (7) 2.7(2) 0.1783 (8) 2.9(2) 0.0808 (8) 3.42) 0.0919 (7) 3. (1996) [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] ands. The 'H NMR spectra of compounds 5 and 6 show the expected singlets for the methyl groups of the pentamethylcyclopentadienyl ring, and for the SiMe, group, and the two multiplets expected for the ring protons of the mono-and di-substituted cyclopentadienyl ligands, consistent [17] with AABB', and AA'B spin systems respectively. Particularly significant are the observed 'H and '"C{' H} NMR spectra of the 0x0 complex 7 between 20 and 50°C which show four and five resonances for the silyl-substituted ring protons and carbon atoms respectively. This behaviour indicates that they are magnetically different, due to the absence of a symmetry plane perpendicular to the cyclopentadienyl rings, consistent with a structure in which the /.L-0x0 system bridges one equatorial side position of at least one of the tantalum atoms. However, the 'H NMR spectrum of complex 8, which is also a dinuclear complex, exhibits two resonances for the cyclopentadienyl ring protons (AA'B system), consistent with the presence of a plane of symmetry perpendicular to both rings and, therefore, with a structure in which both central positions are involved in the ~-0x0 bridging system. The 'jC NMR data confirm this proposal.
The oxo-mononuclear complexes 9 and 10 show the NMR behaviour expected for species containing a chiral metal centre. Treatment of the tantalum(W) chlorides 3 and 4 with an excess of lithium aluminium hydride in diethyl ether over a period of several hours affords a yellow suspension, containing a mixture of the colourless tantalum(V) hydrides TaCp* CpH, (Cp = Cp', 11; Cp", 12) and yellow tantalum(II1) derivatives, probably similar to the reported [ 181 niobium complex characterized as the tetrahydridoaluminate compound Cp, NbH 2 AlH *. Addition of water to this mixture of disproportionation products gives the trihydrido complexes 11 and 12 in high yields, as shown in Scheme 1.
Both compounds 11 and 12 are soluble in saturated and aromatic hydrocarbons and decompose in chlorinated solvents.
The IR spectra show the characteristic absorptions for both cyclopentadienyl rings, as well as other internal vibrations of the different substituents. The ~~r~_~' absorption for the trihydrido complexes appears as a broad band at 1778 (11) and 1781 (12) cm-', consistent with data reported for similar hydrido derivatives [2c,3a] .
The 'H NMR spectra of both trihydrido compounds 11 and 12 show the expected resonances for the cyclopentadienyl rings along with one doublet and one triplet for the hydride protons, consistent with an AX, spin system.
Selected bond distances (A) and angles (deg) for 3 with ESDs in parentheses
Ta-coordination sphere Cp* ring C,H,SiMe,
Bond distances
85.3(l) 107.5 106.0 106.9 108.7 132.4
CE is the centroid of the Cp' ring. CE' is the centroid of the C,H,SiMe, ring.
109.6(7) C(32)-Sic 1 I-Cc331 'Organometullic Chemistry 518 (1996) The molecular structure of 12 obtained by X-ray diffraction studies with the atomic numbering scheme is shown in Fig. 2 . Final atomic coordinates and equivalent isotropic thermal parameters for non-hydrogen atoms are displayed in Table 3 . Selected bond distances and angles are given in Table 4 . The molecular structure is that of a typical bent-metallocene similar to M(q5-C,H,),H,, (M= Nb, Ta) [19] . The position of the hydrogen atoms found in the difference Fourier map could not be refined, but the Ta-H(1) and Ta-H(2) distances (1.77 and 1.75 A> have normal values, whereas the Ta-H(3) distance (1.5 1 A> is shorter than expected; however, the apparent differences may not be real.
The angle between the two cyclopentadienyl planes has a value of 37.9( 1)" and Ta-centroid distances have similar values (Ta-Cp" 2.064 A and Ta-Cp x 2.078 A>, (7) 4. I9 (7) 4.20 (7) 4.00 (7) 3.86 (7) 6.0(l) 7.7(l) 7.41) 6.5(l) 7.1(l)
Anisotropically refined atoms are given in the form of the isotropic equivalent displacement parameter defined as: (4/3)[a2B(1, lj+ h2B(2, 2)+c2B(3, 3)+ah(cos 
1.858 (6) C ( 14)~C ( 15) i.423(6) show an even more important deviatioc with respect to line, using standard Schlenk or cannula techniques, or in the Cp * plane (0.194(5) and 0.188(5) A).
a drybox under an atmosphere of argon. A comparison between the two molecular structures of 3 and 12 containing mono-and di-silyl-substituted rings shows that the angle formed by the two cyclopentadienyl rings is smaller for complex 12 which contains the more substituted ring.
Simple adducts may be prepared by thermolysis of 12 in toluene in the presence of two-electron donor ligands. When TaCp * Cp"H,, 12, is heated at 120°C under atmosphere of CO, C,H, or in the presence of 2,6-Me,C,H,NC, hydrogen is displaced to give the hydrido tantalum(II1) complexes TaCp * CpH(L) (L = CO, 13; C,H,, 14; 2,6-Me,C,H,NC, 15) which are obtained in good yields, as shown in Scheme 1.
Solvents were dried and purified by prolonged reflux under appropriate drying agent (n-hexane over Na-K alloy; toluene, THF and diethyl ether over sodium) and distilled under an argon atmosphere before use. Reagent-grade chemicals purchased from commercial sources and used without further purification were as follows: sodium and mercury (Panreac), phosphorus pentachloride ( The IR spectrum of TaCp * Cp"H(C0) 13, displays the characteristic vco stretching frequency at 1880 cm-' consistent with considerable back-donation from tantalum to carbon monoxide. This value is expectedly higher than that observed for TaCp; H(CO), (vco = 1865 cm-') [3a] and is similar to that found for TaCp,H(CO), ( vco = 1885 cm-' ) [20] , indicating that the increased electron density of the metal centre due to the C,Me, ring is alleviated by the negative mesomeric effect [21] of the silyl groups in the disubstituted C,H,(SiMe,), ligand.
IR spectra were recorded on a Perkin-Elmer 583 spectrophotometer (4000-200 cm-' > using Nujol mulls between CsI pellets. 'H and '3C{'H] NMR spectra were recorded on a Varian VXR Unity-300 and 500 MHz spectrometer. Chemical shifts are reported in 6 units (positive chemical shifts to a higher frequency), relative to a TMS standard. Magnetic susceptibilities were measured by the Faraday method using a Bruker B-E 15 magnetic balance with a temperature control unit. C, H and N analyses were performed with a Perkin-Elmer 240C microanalyser.
The vc= N absorption of the coordinated isocyanide ligand in complex 15 appears at 1860 cm-' , a displacement of 258 cm-' to lower frequency with respect to the value observed for the free ligand (2,6-Me,C,H,NC, v = 2118 cm-' ), as a consequence of the r-electron donation to the antibonding ligand orbitals, which decreases the C-N bond order 1211.
Synthesis of MCp
The n*-olefin compound TaCp * Cp"H(C,H,), 14, is formed in a quantitative yield and is thermally stable, with evolution of ethane only being observed by prolonged heating of 12 (3 days at 120°C) under an excess of ethylene.
A toluene (75 ml) suspension of MCp * Cl, (M = Nb, 0.80 g; Ta, 1 .OO g; 2.16 mmol) and LiCp (Cp = Cp', 0.31 g, 2.16 mmol or Cp", 0.47 g, 2.16 mmol) was added to 10% sodium amalgam (0.052 g, 2.16 mmol). The mixture was stirred for 12 h at room temperature. The dark-green suspension was filtered through Celite and after concentration to ca. 20 ml, the solution was cooled to -40°C to give green crystals of l-4.
The NMR ('H and 13C) behaviour of complexes 13-15 is as expected for chiral complexes (see Experimental section). The 'H NMR spectrum of 14 reveals a small coupling ("J, _ uendo = 2.40 Hz) between the endo ethylenic hydrogens and the metal-bound hydrogen atom. The upfield 13C NMR shifts for the ethylenic carbons at 6 10.99 and 6 9.77 are indicative of a significant r-back donation, consistent with a significant contribution of a tantalacyclopropane system [22] . Calc.: C, 42.28; H, 6.00%. * CpCl, (Cp = Cp' 5; Cp" 6) PCl, (Cp = Cp', 0.10 g, 0.47 mmol; Cp = Cp", 0.09 g, 0.42 mmol) was added to a toluene (50 ml) suspension of TaCp * CpCl, (Cp = Cp', 0.50 g, 0.95 mmol; Cp = Cp", 0.50 g, 0.83 mmol). The mixture was stirred for 1 h at room temperature and then the resultant orange suspension was decanted and filtered. The residual orange solid was washed with n-hexane (2 X 5 ml), dried in vacua and identified as complexes 5 and 6.
Synthesis of TaCp
The data for 5 follow. Calc.: C, 39.90; H, 5.74%. CpCi, I, (Cp = Cp' 7; Cp', 8) A Schlenk tube containing a solution of 3 (Cp = Cp', 0.70 g, 1.33 mmol) or 4 (Cp = Cp", 0.70 g, 1.17 mmol) in THF (70 ml) was sealed under 1 atm of dry 0,. The resulting orange solution was stirred for 2 or 3 h at room temperature, filtered and concentrated to ca. 15 ml. Yellow or orange crystals of 7 or 8 were obtained by cooling to -40°C overnight. (Cp = Cp' 9; Cp" 10) Solutions of 3 (0.70 g, 1.33 mmol) or 4 (0.70 g, 1.17 mmol) in THF (70 ml) were stirred in air for 12 h (3) or 2-3 days (4). The resulting orange suspension was filtered, the solid washed with cold n-hexane (2 X 5 ml), dried in vacua and identified as 9 or 10.
Synthesis of lTaCp *
Synthesis of TaCp" CpCl(O),
The data for 9 follow. Yield 0.27 g (40%) 12) Stirred solutions of 3 (Cp = Cp', 1.00 g, 1.90 mmol) or 4 (Cp = Cp", 1 .OO g, 1.67 mmol) and LiAlH, (Cp = Cp', 0.43 g, 11.44 mmol; Cp = Cp", 0.38 g, 10.06 mmol) in diethyl ether (50 ml) at -78°C were slowly warmed to room temperature. After 12 h, the resulting yellow suspension was cooled to 0°C and treated dropwise with degassed H,O (1 .O ml). The solvent was then removed under reduced pressure and the residue was dried in vacua. Extraction into n-hexane (2 X 30 ml) followed by concentration and cooling to -78°C afforded colourless crystals of 11 and 12.
The data for 11 follow. Yield 0.61 g (70%). IR (Nujol mull, Y cm-'):
1778 ( Calc.: C, 47.71; H, 7.44%.
Synthesis of TaCp* Cp"H(CO), 13
A Schlenk tube containing a solution of 12 (0.50 g, 0.94 mmol) in toluene (20 ml) was sealed under 1 atm of CO. The mixture was stirred at 120°C for 72 h to give a purple solution which was filtered and dried in vacua. Extraction of the residue into n-hexane (2 X 5 ml) gave a purple solution which was filtered and cooled to -40°C to give purple crystals of 13. Yield 0.40 g (70%) .
The data for 13 follow. IR (Nujol mull, v cm-'): 3730(w), 2955(vs) In a manner analogous to 13, a solution of TaCp x Cp"H, (0.50 g, 0.94 mmol) in toluene (20 ml) was saturated with ethylene (1 atm). The mixture was stirred at 120°C for 36 h to give a yellow solution. Volatiles were removed in vacua and the residue was extracted into n-hexane (2 X 10 ml). The resulting yellow solution was filtered and cooled to -40°C to afford yellow microcrystals of 14. Yield 0.45 g(86%).
The data for 14 follow. 109.3s 99.7ls(C,,,, C,H,(SiMe,),), 107.23(s, C,Me,), 100.78s lOO.7ls, 92.51s(C2,,,,, C, H,(SiMe,),), 11.97(s, Me,C,), 10.99s 9.77s(C2H4), 1.30s 0.63s((Me,Si),C,H,).
Anal. Found: C, 48.98; H, 7.31. C,,H,,Si,Ta.
Calc.: C, 49.80; H, 7.45%.
Synthesis of TaCp' Cp"H(CNR), 15
TaCp* Cp"H, (0.50 g, 0.94 mmol) and 2,6-Me,C,H,NC (0.12 g, 0.94 mmol) were stirred in toluene (20 ml) at 120°C for 3 days. The resulting dark-green solution was evaporated to dryness and the residue extracted into n-hexane (2 X 15 ml). The resulting solution was filtered, concentrated to ca. 10 ml and cooled to -40°C overnight to give 15 as green microcrystalline solid. Yield 0.50 g (81% Crystallographic and experimental details of X-ray crystal structure determination for compounds 3 and 12 are given in Table 5 . Suitable crystals of 3 and 12 were sealed in Lindeman tubes under argon and mounted on an Enraf-Nonius CAD-4 automatic four circle diffractometer with bisecting geometric and using a graphiteoriented monochromator, with MO K (Y radiation (A,, k a = 0.7 1073 A>. Data were collected at room temperature. Intensities were corrected for Lorentz and polarization effects in the usual manner. No extinction corrections were made. The structures were solved by a combination of direct methods and Fourier synthesis and refined (on F) by full matrix least squares calculations. Absorption correction was made using DIFABS methods [24] .
All the non-hydrogen atoms were refined anisotropitally. In the last cycle of refinement the hydrogen atoms were introduced from geometric calculation, refined for one cycle isotropically and then fixed, except for the hydride atoms and the hydrogen bonded to C( 121, C ( 14) and Cc151 in 12 that were found in the difference Fourier synthesis map, and then fixed.
Final Table 5 Crystal and experimental data and structure refinement procedures for compounds 3 and 12 
Supplementary material available
Tables of positional parameters of hydrogen atoms (Table Sl-3, 1 page; Table Sl-12 , 2 pages), general displacement parameter expressions (Table S2-3, 1 page;  Table S2 -12, 1 page), complete bond distances and angles (Table S3-3, 3 pages; Table S3 -12, 9 pages) and structure factors (Table S4-3, 21 pages; Table S4 -12, 23 pages) for complexes 3 and 12 are available. Ordering information is given on any current masthead page.
